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1 Introduction







Gollub-Benson $($GB $)$ $Pr=5.0$ ,
$=3.5,$ $\Gamma_{y}=2.0$ $Ra$




Gollub-Benson-Steinman$($GBS$)$ Mukutomoni-Yang $($MY$)$ SIMPLE




MAC staggered grid h\sim
2
$\}_{f}|_{\text{ }}$
MAC 3 Leonard QUICK 5)
2 Formulation of the Problem





\kappa \mbox{\boldmath $\alpha$} $g_{\text{ }}z$ $\mathrm{e}_{z}=(0,0,1)$
u T $P$ $T_{s}(z)=T_{1}-T_{d}z/2L_{z\backslash }$
$P_{8}$ $\mathrm{u}_{\text{ }}$
$\delta T=T-T_{\mathit{8}^{\text{ }}}$ $\delta P=P-P_{s}$
$L_{z^{\text{ }}}$ $L_{z}^{2}/\kappa_{\text{ }}$
$\kappa\nu/\alpha gL_{z}^{3}$ $\mathrm{u}(u, v, w)$
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{ $\mathrm{u}(u_{x}, u_{y}, u_{z})),$ $\delta T,$ $\delta P$ :
$\frac{\partial \mathrm{u}}{\partial t}+\nabla\cdot(\mathrm{u}\mathrm{u})=-\nabla(\frac{\delta p}{\rho})+Pr\nabla^{2}\mathrm{u}+Pr\delta T\mathrm{e}_{z}$ (1)
$\frac{\partial\delta T}{\partial t}+\nabla\cdot(\mathrm{u}\delta T)=\nabla^{2}\delta T+\frac{1}{16}(Ra)w$ (2)
$\nabla\cdot \mathrm{u}=0$ (3)
2 : Rayleigh $Ra=$
$\alpha g(2L_{z})^{3}T_{d}/\kappa\nu$ Prandtl $Pr=\nu/\kappa$
$u=\partial_{x}u=v=w=\partial_{x}\delta T=0$ on $x=0,2\Gamma_{x}$ (4)
$u=v=\partial_{y}v=w=\partial_{y}\delta T=0$ on $y=0,2\Gamma_{y}$ (5)
$u=v=w=\partial_{z}w=\delta T=0$ on $z=0,2$ (6)
$\Gamma_{x}=L_{x}/L_{z}$ $=L_{y}/L_{z}$ .




$(I, J, K)$ $x=(I- \frac{1}{2})(2\Gamma_{x}/N_{x}),$ $y=(J- \frac{1}{2})(2\Gamma_{y}/N_{y}),$ $z=(K- \frac{1}{2})(2/N_{z})(I=$
$1,2,$
$\ldots,$




$\delta T_{I,J,K}$ , $\delta pI,J,K^{\text{ }}$ 3
$u_{I\pm\frac{1}{2},J_{1}K},$ $v_{I,J\pm\frac{1}{2},K},$ $w_{I,\mathrm{J},K\pm\frac{1}{2}}$
$\ovalbox{\tt\small REJECT}_{\mathrm{B}}5ffl’$ \vdash ‘‘ffi $h^{2}$















$+$ (Ui,j,k+|Ui,j,k|)(ui+-2l,j,k-2ui- ,j,k+ui--23,j, $k$ ) $\}$ , (11)
$F_{i,j,k}^{y}$ $=$ Vi, k $\frac{u_{i+_{\mathfrak{B}}^{1},j-1,k}+u_{i+_{2}^{1},j,k}}{2}$
$- \frac{1}{16}$ { ( $V\sim_{j,k},\dashv V\sim_{j,k}$,l)(u ,j+l,k-2ui+$\frac{1}{2},j,k+ui+\frac{1}{2},j-1,k$ )
$+$ $(V_{i,j,k}+|V_{i,j,k}|)$ ( $u_{i+}$ , $j,k-2ui+ \frac{l}{\mathit{2}},j-l,k+ui+\frac{l}{2},j-\mathit{2},k$ ) $\}$ (12)
$F_{i,j,k}^{z}$ $=$
$W_{i,j,k^{\frac{u_{i+\frac{1}{2},j,k-1}+u_{i+\frac{1}{2},j,k}}{2}}}$
$- \frac{1}{16}$ $\{$ $(W_{i,j,k}-|W_{i,j,k}|)(u_{i+\frac{1}{2},j,k+1}-2u_{i+\frac{1}{2},j,k}+u_{\mathrm{i}+\frac{1}{2},j,k-1})$
$+$ $(W_{i,j,k}+|W_{i,j,k}|)(u_{i+\frac{1}{2},j,k}-2u_{i+\frac{1}{2},j,k-l}+u_{i+\frac{1}{2},j,k-\mathit{2}})\}$ (13)
$\text{ }$
$U_{i,j,k}=(u_{i-\frac{1}{2},j,k}+u_{i+\frac{1}{2},j,k})/2,$ $V_{i,j,k}=(v_{i,j-\frac{1}{2},k}+v_{\dot{\mathrm{z}}+1,j-\frac{1}{2},k})/2,$ and $W_{i,j,k}=$


















1 $U_{i,j,k},$ $V_{i,j,k},$ $W_{i,j,k}$ $h^{4}$
2 (8)\sim (1O 4 $h^{3}$
Poisson ICCG(Incomplete Cholesky decomposition
and Conjugate Gradient) $N_{z}=24,$ $N_{x}=$ $\Gamma_{x}N_{x}$ , $N_{y}=\Gamma_{y}N_{z}$


















1: 2- $z=1.33$ : $Ra=25000,$ $\Gamma_{x}=3.5,$ $\Gamma_{y}=$
$2.0,$ $Pr=2.5$ . QUICK $\langle$$N_{z}=24)$ . (a) $u_{x}(x, y, 1.33);(\mathrm{b})\delta\overline{T}$($x,$ $y$ , L33)
$\delta\overline{T}(x, y, 1.33)=\delta T(x, y, 1.33)-(\delta T_{M}+\delta T_{m})/2$ $\delta T_{M}={\rm Max}(x,y)\delta T(x, y, 1.33)$
$\delta T_{m}={\rm Min}(x,y\rangle$ $\delta T(x, y, 1.33)$ .
31 $Pr=2.5$
GBS $70^{\text{ }}\mathrm{C}$ 2- $Ra$
Laser-Doppler $Pr=2.5$ $\mathrm{R}\mathrm{B}$
$Ra$ $(fi)arrow$





2: $(\delta T(3.6,0,1.0))^{2}$ $Ra$ : $Pr=2.5,$ $\Gamma_{x}=3.5,$ $\Gamma_{y}=2.0$ . .:
$N_{x}=84,$ $N_{y}=48,$ $N_{z}=24(\mathrm{M}\mathrm{A}\mathrm{C})\blacksquare:N_{x}=112,$ $N_{y}=64,$
$N_{z}=32(\mathrm{M}\mathrm{A}\mathrm{C})\mathrm{O}:N_{x}=84,$ $N_{y}=$
48, $N_{z}=24(\mathrm{Q}\mathrm{U}\mathrm{I}\mathrm{C}\mathrm{K})\square :N_{x}=112,$ $N_{y}=64,$ $N_{z}=32(\mathrm{Q}\mathrm{U}\mathrm{I}\mathrm{C}\mathrm{K})$
31I MAC : $Pr=2.5$
1 2- $Pr=2.5$ $Ra$
$Ra$ MAC simulation
(PSD) Takens
Poincare 3 $Ra=42000$ $f_{1}$
&i limit cycle $Ra=43000$ $f^{*}$
$f_{1}/2$ $(f_{1}-f^{*})/2$
$f^{*}$ $Ra=45400$ $fi=21f^{*}$ locked
$Ra=45600$ $f^{*}$ $f^{*}arrow(f^{*}, f^{*}/2)_{\text{ }}$ Poincare
torus doubling $Ra=46000$ .
$u_{x}$
$\delta T$
4 $Ra=42000$ (fi) 2 $x=\Gamma_{x},$ $y=\Gamma_{y}$
$C_{2v}(2mm)$ $Ra=43000$ $(f_{1},f^{*})$ $(x, y)=(\Gamma_{x}, \Gamma_{y})$
2 2 $C_{2}(2)$ $Ra=46000$
312 QUICK : $Pr=2.5$
QUICK MAC 1 2- $Pr=$
$2.5$ $Ra$ $Ra$ QUICK
simulation
(PSD) Takens Poincare 5
$Ra=40000$ $f1$ 1 limit cycle
127
3: MAC $(Pr=2.5)_{\circ}$ : PSD; {\S I\downarrow :
Takens $(Ra=42000, 43000)$ , Poincare $(Ra=45000\sim 46000)_{\text{ }}$
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4: MAC $(Pr=2.5)_{0}$ : $u_{x}(x, y, 1.33)$ ;
: $\delta T(x, y, 1.33)$ . $Ra=42000$ , 43000, 45000.
$Ra=44000$ $fi/2,$ $fi/4$
$f^{*}$ Poincare $\text{ }-$
2 $l\mathrm{s}$– $\text{ }$ $Ra$
$f^{*}$ $Ra=45000$ $f^{*}$ Poincare
torus doubling 4 $Ra=46700$
$u_{x}$
$\delta T$
6 , $Ra=40000$ $fi$
2 $x=\Gamma_{x},$ $y=\Gamma_{y}$ $C_{2v}(2mm)$ $Ra=44000$
$\langle$$fi,f^{*},(f_{1}-f^{*})/2)$ $(x, y)=(\Gamma_{x}, \Gamma_{y})$ $z$ 2 $C_{2}(2)$
$Ra=45000$ $f^{*}$ $f^{*}/2$







5: QUICK $(Pr=2.5)_{0}$ : PSD; :
Takens $(Ra=40000)$ , Poincare $(Ra=44000\sim 46700)_{\text{ }}$
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6: : QUICK $(Pr=2.5)_{\text{ }}$ : $u_{x}$ ($x$ , 133); IJ
: $\delta T(x_{i}y, 1.33)$ . $Ra=40000$ , 44000,45000.
2- $x=\Gamma_{x}$
$C_{1h}(m)$ $0<x<\Gamma_{x}$ , $0<y<2\Gamma_{y},$ $0<$. $z<2$
$\Gamma_{x}$ $x<2\Gamma_{x},$ $0<y<2\Gamma_{y},$ $0<z<2$
$u_{x}(x, y, z, t)=-u_{x}(2\Gamma_{x}-x,y, z,t),$ $u_{y}(x,v., z,t)=u_{y}(2\Gamma_{x}-x, y, z,t)$ ,
$u_{z}(x,y, z,t)=u_{z}(2\Gamma_{x}-x, y, z, t),$ $\delta T(x, y, z, t\rangle=\delta T\{2\Gamma_{x}-x,y, z,t)$ (20)
QUICK 7 $Ra=35000,$ $Ra=43500$
$f1$ $(f1, fi/2),$ $(f_{1}, fi/2, fi/4)$ 2
4 Ra—43500 $f^{*}$
4 $Ra=44000$
$f^{*}$ $(fi, f1/2, f_{1}/4, f^{*})$ $\text{ }-$
Poincare 4 $Ra=44150,$ $Ra=44200$
$f^{*}$
$(f1, f_{1}/2, f_{1}/4, f^{*}, f^{*}/2)$ , 1, $f1/2$ ,






$\delta T$ 8 $Ra=30000$
$fi$ $C_{2v}(2mm)$ $Ra=35000$ $(f_{1}$ ,




$c_{1h}$ MAC simulation $Ra=30000\sim 40000$
$fi$ $f1/2$
$C_{2v}$ QUICK simulation
1 2- $0<x<\Gamma_{x},$ $0<y<\Gamma_{y},$ $0<z<2$
$\{(x, y) : \Gamma_{x}<x<2\Gamma_{x}, 0<y<2\Gamma_{y}, 0<z<2\}$
$u_{x}(x, y, z, t)=-u_{x}(2\Gamma_{x}-x,y,$ $z,t\rangle,$ $u_{y}(x,y, z,t)=u_{y}(2\Gamma_{x}-x, y, z, t)$ ,
$u_{z}(x, y,z,t)=u_{z}(2\Gamma_{x}-x, y, z,t)$ , $\delta T(x,y, z, t)=\delta T(2\Gamma_{x}-x, y, z,t)$ (21)
$\{(x, y) : 0<x<\Gamma_{x}, \Gamma_{y}<y<2\Gamma_{y}, 0<z<2\}$
$u_{x}(x, y, z, t)=u_{x}(x, 2\Gamma_{y}-y, z, t)$ , $u_{y}(x,y, z, t)=-u_{y}(x, 2\Gamma_{y}-y, z,t)$ ,
$u_{z}(x, y, z, t)=u_{z}(x, 2\Gamma_{y}-y, z, t)$ , $\delta T(x, y, z, t)=\delta T\langle x,$ $2\Gamma_{y}-y,$ $z,$ $t$ ) (22)
{ $(x,$ $y\rangle$ : $\Gamma_{x}$ $x<2\Gamma_{x},$ $\Gamma_{y}<y<2\Gamma_{y},0<z<2$ }
$u_{x}(x, y, z, t)=-u_{x}(2\Gamma_{x}-x, 2\Gamma_{y}-y, z, t)$ , $u_{y}(x, y, z, t)=-u_{y}(2\Gamma_{x}-x,$ $2\Gamma_{y}-y,$ $z,$ $t\rangle$ ,
$u_{z}(x, y, z, t)=u_{z}(2\Gamma_{x}-x, 2\Gamma_{y}-y, z, t)$ , $\delta T(x, y, z, t)=\delta T$ ($2\Gamma_{x}-x$ , 2 $y,$ $z,$ $t$ ) (23)





$\mathrm{G}\mathrm{B}$ $Pr=5.\mathrm{O}$ 2- $Ra$
$fi$ $arrow$ $fi\mathrm{J}_{2}$ $arrow \mathrm{p}\mathrm{h}\mathrm{a}\mathrm{s}$ -locked
$fi/f_{2}=$ $arrow$
3.2 I QUICK : $Pr=5.0$
$Pr=2.5$ 2- $Pr=5.0$ $Ra$
$Ra$ QUICK simulation
PSD Takens
Poincare 9 $Ra=57250$ $f1,$ $f_{2}$
$Ra=57300$ $f_{2}$ Poincare
$Ra=57450$
PSD Poincare ( 9
$Ra=57450$ 2 ) $Ra=57500$
132
7: $C_{1h}$ QUICK (Pr=2.5) :
PSD; : Takens $(Ra=35000,43500)$ , Poincare $(Ra=44000\sim 44300)_{\text{ }}$
133
8: : QUICK $(Pr=2.5)_{0}$ :
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9: QUICK $(Pr=5.0)_{0}$ : PSD; :
Takens $(Ra=57250)$ , Poincare $(Ra=57300\sim 57500)_{\text{ }}$
135
10: QUICK ($Pr=5.0\rangle_{\text{ }}$
(Ra=57400\sim 57500) $\Delta t=10\tau_{\circ}$
11: : QUICK $(Pr=5.0)_{0}$ : $u_{x}(x, y, 1.33)$ ;
: $\delta T(x_{2}y, 1.33)$ . $Ra=57250$ , 57400, 57500.
